Abstract: We present in this paper some results obtained in the field of space geodesy based on continuous GPS observations at the Astronomical Observatory of Mongolia. Starting with a brief historical overview of the main space geodetic activities carried out by the Astronomical Observatory in the past, we outline here current achievements in the application of GPS techniques in the geosciences research in Mongolia. We setup a local GNSS Data Center of the Mongolian Academy of Sciences to receive, quality control and process into derivative products the observation data coming from its continuously recording stations. The quality check performed on three non-real-time permanent stations reveals that all three stations show smooth trends of each parameter indicating good quality in data record and operation without any anomalous behavior.
Introduction
With the launch of the world's first artificial satellite Sputnik-1 in 1957, the development of modern space geodesy age is considered to have begun [1] . Rapid development of space techniques had a great impact on this relatively new branch of geodesy, allowing scientists to study our planet Earth in a complex system, unifying multidisciplinary research, regardless of national border, joining efforts of worldwide institutions. The Astronomical Observatory of Mongolia (AOM) of the Mongolian Academy of Sciences (MAS) had also contributed to tackling the global geodetic problems at the very early stages of the satellite geodesy development, in geometric and physical methods by visual, optical and laser observations [2] .
In [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] , in the framework of the international project INTERCOSMOS, the AOM took part in the visual tracking campaign of the Soviet satellites with the AT-1 satellite telescope (d=50 mm, field of view 11°, magnification 10x, maximum stellar magnitude 9). All data from visual tracking carried out by the cooperating countries were used to determine satellite orbits and ephemerides. The results were published in the bulletin "Results of Observations of Artificial Earth Satellites" by the Astronomy Council of the Soviet Academy of Sciences.
In 1967-1988, the AOM participated in the project of synchronous photographic observations of artificial satellites for triangulation purposes by means of the Soviet automatic satellite tracking camera AFU-75 (f=736 mm, d=210 mm). The photographic observations were carried out from two stations, the station No.1660, Ulaanbaatar during the years 1967-1988 and the station No.1661, Dalanzadgad during the years 1970-1988, simultaneously (current ULAB and DALN GPS stations locations). About 1500 negatives had been developed, pre-processed, archived into a database and sent to the Soviet Astronomy Council on a regular basis. All negative plates were measured at the AOM with Zeiss Jena comparator Ascorecord (precision of ±0.5 µm). By synchronous photographic observations of nearly twenty satellites, the AOM was involved in the "Bolishaya Khorda" (Big Chord) project for determination of geodetic meridian arc length Artic-Atlantic, "Dynamica" project for determination of orbital elements perturbations, local geoid undulation and gravitational constants by means of the spherical harmonic functions, "Atmosphere" project for studying physical properties of the upper atmosphere with the aim to improve the satellites' orbital parameters [3] [4] [5] . In the middle of the 70's, in cooperation with the former East Germany and Soviet Union, and the national geodetic agency of Mongolia, the AOM established control points of the 1 st order geodetic triangu-lation network by balloon-triangulation method using the AFU-75 camera [3] . In 1986-1987, the AOM was involved in a laser observation campaign with the use of the Soviet first generation laser telescope Kripton (with 1 m range and 15 m positional accuracy). In the framework of the ISAGEX international program among with 63 laser observation stations, the AOM observed about 7-8 types of laser reflector-equipped satellites such as LAGEOS, VEGA, GEOS-A, GEOS-B to determine precise parameters of the Earth. Results of this mission had contributed to significantly improve the models of distribution of the Earth gravitational field and description of movements of the Earth's artificial satellites.
In 1995, after a gap of a decade in instrument renovation and man shortages due to the collapse of the political system of that time, space geodetic activities have resumed with the introduction of microwave observations owing to our German colleagues, GeoForschungsCentrum (GFZ, Potsdam). The microwave geodetic technique installed in the AOM was a German Precise Range and Range Rate Equipment (PRARE) system's ground tracking station. PRARE space segment in that time was flown onboard of the European Space Agency ERS-2 satellite. PRARE is a two-way, two-frequency microwave ranging system for determination of precise orbit of tracking satellites and coordinates of ground stations [6] . The data from the Ulaanbaatar PRARE (station number No.22) ground tracking station was transferred to the DLR (German Aerospace Center) processing center through the mail server of the Institute of Informatics of the MAS, the only available internet connection existing nearby at that time. The main outcome of this project was the determination of precise coordinates of Ulaanbaatar ground station and ionosphere total electron content information over the station for the first time. In collocation with the PRARE systems ground station, the first permanent GPS station ULA1 was installed to precisely position it.
At present, the AOM manages five permanent GPS stations well distributed in the territory of Mongolia, dedicated for geodetic and geodynamic research. Nevertheless, the number of GNSS permanent stations established in Mongolia by different organizations has rapidly increased in the last few years. (IAG) installed two GNSS station networks around Ulaanbaatar and in eastern Mongolia in 2010 for seismic hazard studies.
Our review will focus on the permanent GPS stations of the AOM and will present routine processes used at the recently established local Data Center to manage observation data. We will describe the technical characteristics of these stations, their tracking performances and present some initial results and products derived from these data.
Permanent stations
The Astronomical Observatory of the IAG and the Informatics Department of the Institute of Physics and Technology (IPT) of the MAS maintain and operate at present the five permanent GNSS stations, which form MAS GNSS NETWORK (MGNET). The main purpose of the MGNET is to monitor crustal deformation, atmosphere and ionosphere of the region. Since 1997, after the cease of the operation of the PRARE ground tracking station at the AOM, the ULA1 GPS station has been continuing its operation, gradually improving its instrumentation. Thus, in 2000 it became IGS GNSS (International GNSS Service-http://www.igscb. jpl.nasa.gov) [7] station ULAB and is contributing with a high-rate, low-latency data to the global network of the IGS as the reference station, which is used for the definition of the global reference frame. At present, ULAB operates Javad Delta receiver with Javad Ring antenna, receiving signals from all available GNSS satellites and spacebased augmentation system (SBAS).
Later, three other stations HOVD, CHOB and DALN were installed in 2000 and 2005 in the western, eastern and southern provinces of the country, respectively ( Fig. 1) as passive stations of the Western Pacific Integrated GPS (WING) network [8] . The primary purpose of these stations is a study of crustal deformation in Mongolia to contribute to the understanding of complex tectonics in a wide area from the Western Pacific to Northeastern Asia as a response to the mutual convergence of four major plates (Pacific, Philippine, Eurasia and North America) in this region. Since no other continuous GPS stations were operational in the whole territory of Mongolia in that time, we placed the stations to represent the main tectonic units of the country -Mongol Altay range (HOVD), Gobi Altay range (DALN) and Dornod steppe (CHOB) considering in addition some technical and logistical factors available (safety, accessibility, power availability). The HOVD station was installed at the Earthquake Monitoring Station Khovd which had has the well-established facilities in terms of the safety and the power at that time. It is located about 1200 km to the west of the ULAB station at the slope of the Mongol Altay mountain range. The CHOB and DALN stations were also installed based on the available facilities of the Meteorology, Hydrology and Environment Department (MHED) of Dornod province in about 560 km east from the ULAB, and of the Earthquake Monitoring station Dalanzadgad of Umnugobi province in about 520 km south from the ULAB station in the western termination of the Gobi Altay mountain range, respectively. All three stations track GPS satellites with 30 second sampling interval and for the antenna monumentation use geodetic quality concrete pillars (Fig. 2 , Table 1 ). Uninterrupted power is supplied by spare car/solar batteries. The most recent station SSND was installed in September 2011 in the southeastern part of the country, at the MHED of Dornogobi province. The station operates Trimble NetR9 receiver with Choke Ring antenna, which is mounted on the top of 3 m stainless steel mast (Fig. 2) . The station receives signals from GPS, GLONASS and SBAS. All these permanent stations were installed in cooperation with the GFZ, Earthquake Research Institute (ERI) of The University of Tokyo and the Korea Astronomy and Space Science Institute (KASI).
Data Center setup 2.1 Data server design
We set up the Local Data Center (DC) on three servers that use Intel Core i5 PC with 4GB of RAM memory each running GNU/Linux system and storage server with 8TB data archive capacity (Fig. 1) . The main tasks of DC include data archiving, processing, ftp to authorized users and web maintenance. The system uses Apache2 http, MySQL and vsFTP to implement these tasks. The DC is run by the AOM and the Informatics Department of the IPT and located at the IPT building.
The data transfer from the stations ULAB directly to the GFZ) and SSND (to the KASI through the DC) is implemented in real-time through VPN connection using 3G modem. The data of three other non-real-time stations reach the DC with weekly (HOVD) and monthly (CHOB and DALN) delays. Once the raw data files arrive at the DC, they are rinexed, quality-checked using the TEQC (translate, edit and quality-check) toolkit developed at the University Navstar Consortium (UNAVCO) [9] , compressed by the HATANAKA compression utility [10] and subsequently archived. These procedures are automated by using Shell and Perl scripts, which embed RUNPKR00 and TEQC programs. Both RINEX and RAW data are stored in the Storage Server with 8TB hard drive capacity. Except the MGNET data, we download publicly available daily RINEX data of regional and local stations from IGS and ALAGaC archives. Ancillary data, required to analyze the GPS observations, including earth orientation parameters, leap second table, solar and lunar tables, nutation table, broadcast ephemerides and a priori orbits, station coordinates and velocities are retrieved monthly, before processing from Crustal Dynamics Data Information System (CDDIS, ftp://cddis.gsfc.nasa.gov) and Scripps Orbit and Permanent Array Center (SOPAC, http://sopac.ucsd.edu) archives. GPS products such as zenith total delay (ZTD) in the form of z-file and ionosphere total electron content (TEC) in GTEX [11] format derived from three non-real-time stations are also archived at the DC. Flowchart of GPS data archive at the DC is shown in Fig. 3. 
Quality-checking of the GPS observations
The tracking performance for three non-real-time stations we consider here is evaluated on a monthly basis. As a quality parameter, we consider the percentage of observation, the root mean square (RMS) of multipath effects on L1 and L2 and the number of cycle slips, which are extracted from the TEQC summary file or S-file. The percentage of observations here is the ratio of completed observations to possible (or predicted) observations. Predicted observations refer to the theoretical observations that could have been observed at the site without any obstruction in a given time window, while completed observations present all collected observations that contain all phase and code signals. In an ideal case the number of completed and pre- dicted observations is equal but in reality some observations are missing due to obstructions in the environment. The TEQC QC reports the cycle slips as "observations per slip" (o/slps), which combines the complete observations with the number of slips [9] . Cycle slips can be caused by the physical obstruction of the satellite signal, a low signal-to-noise ratio (SNR), ionosphere scintillation, multipath, radio interference or malfunction of the receiver tracking loop [12] . Multipath measures reflected signals and its value depends on receiver types and local environment. In Figure 4a is shown time series of quality parameters for all three stations derived for the period of 2006 to 2014 at the elevation cut-off angle of 10°. The top window shows the daily number of completed and predicted observations. The second window shows the percentage of observations. The third window shows the RMS of the L1 and L2 multipath denoted as MP1 and MP2, in meters, and the fourth window the number of cycle slips, multiplied by 1000 and divided by the number of observations (1/(o/slips)x1000). The hardware and firmware have never been changed for all three stations since their installation.
As seen from Fig. 4a , the daily number of complete dual frequency L1 and L2 observations for three stations ranges from 21000 to 24000 and all three stations receive more than 92% of the predicted observations. The drop in the percentage of observations for CHOB station (DOY 305, 2006) was caused by a change in the receiver logging setup for the cut-off angle. The root mean square (RMS) error of the L1 multipath (MP1, red line in the third window of Fig 4a. ) and the L2 (MP2, blue line) variations for all three stations stay stable around 0.2 m for MP1 and less than 0.4 m for MP2 for stations CHOB and DALN. These values are below the IGS accepted "good numbers" of 0.5 m for RMS MP1 and 0.75 m for RMS MP2 [13] . However, the HOVD station exhibits the highest RMS only on MP2 with the values reaching from 0.6 to 0.8 meters with the apparent annual variation while its day-to-day variation stays stable. HOVD station uses the older type of the Trimble receiver and antenna (Table 1) while CHOB and DALN stations use the Zephyr Geodetic antenna designed with advanced technology for multipath reduction, low elevation satellite track capacity and sub-millimeter phase center stability [14] . Hilla and Cline pointed out that the older type of Trimble receivers seem to be much more affected in MP2 than MP1 [15] . Ray reports that annual signal usually correlates with a receiver type [16] . To compare with CHOB and DALN stations, the reflecting and obstructing objects at the HOVD station are located closer to the antenna -a solar panel in the southwest, the reflecting surface of which is almost at the level of the GPS antenna height, high fence in the north and east, VSAT antenna in 9 m in the south, and high mountain in the southeast. An addition, the surface below the antenna of HOVD station is rocky. To further verify that low-elevation-angle reflectors are the main reason for the multipath, we repeated TEQC QC run on HOVD observation files for 2012 using the cut-off angle of 20°, which shown the reduced RMS MP1 and MP2, the increased percentage of observations, and the increased number of observations per slips (Table 2). Moreover, the apparent annual variation is significantly reduced (Fig. 4b) . The HOVD station sky plots at the same day (June 4) in 2006 and 2013 show almost the same patterns and the high RMS MP2 multipath at the lowelevation-angle reflectors (Fig. 4c) . The cycle slips x 1000/observations for all three stations is nominal, around 1-2, less than 5, which is the value reported for more than half of IGS stations [13] . In general, all three stations show smooth trends of each parameter indicating good quality in data record and normal operation without any anomalous behavior.
Routine Data Processing
MGNET data is analyzed using the GAMIT/GLOBK software package developed at MIT/SIO [17, 18] in three-step approach. In the first step, GPS phase observations from each day is used to estimate loosely constrained station coordinates, tropospheric zenith delay parameters, orbital and earth orientation parameters and associated variancecovariance matrices using the GAMIT module. GPS data from 16-20 IGS stations (ARTU, BILI, BJFS, DAEJ, IRKT, KIT3, KUNM, LHAS, MAG0, NVSK, PETP, SHAO, SUWN, TIXI, TSKB, URUM, USUD, WUHN, YAKT, YSSK) is included to tie our local network to the global reference frame. The effect of solid earth tides, polar motion and ocean loading are taken into account according to the IERS 2003 conventions [19] . We apply the ocean tide loading corrections based on FES2004 model [20] , a priori hydrostatic and wet models from Saastamoinen [21] , Global Mapping Functions (GMF) [22] , IGS final orbit and IGS absolute antenna phase center model. An automatic cleaning algorithm (autcln) is applied to postfit residuals, in order to repair cycle slips and to remove outliers. In the second step we use the GLOBK software to combine, on the daily basis, our loosely constrained solutions (h-files) with regional loosely constrained h-files solutions provided by SOPAC for the igs1, igs2, igs4 subnetworks (more information can be found at the SOPAC web page: http://sopac.ucsd.edu/ processing/gamit/). Daily solutions for our network and IGS subnetworks in the form of the h-files and the result of their combination (GLX files) are also stored at the DC. We include statistical process noise generated from the time series using the script sh_gen_stats in the velocity analysis to account for correlated noise [18] . In the third step we define the reference frame by minimizing the position and velocity deviations of~50 IGS core stations with respect to their values in the latest release of the ITRF while estimating seven-parameter Helmert transformation.
Usage of GPS Outputs

Velocity field
The main output of GPS analysis is a set of three dimensional position time-series, calculated in the ITRF. These time series are used to compute horizontal and vertical velocities, which serve as main input parameters for studies of crustal deformation kinematics. Figure 5 illustrates an example of the horizontal GPS velocity field derived from the analysis of continuous and campaign GPS observations carried out in Mongolia during 1997-2011 in combination with solutions for Baikal [23] , Far East Siberia [24] , China [25] and Thailand [26] in the ITRF2005 reference frame. The postfit root-mean-square (RMS) of the reference frame stabilization is 2.5 mm in position and 0.5 mm/yr in velocity. Stations in Mongolia move at rate of 25-30 mm/yr in the east and southeast directions, fol- lowing the well-known pattern that indicates the eastward expulsion of Eurasia plate. The present-day crustal deformation in Mongolia is widely accepted as governed by two main tectonic processes, compression induced by IndiaEurasia collision to the southeast and extension induced by the Baikal rift zone to the northeast [27] . Locating the boundary between these two contrasting regimes, resolving a controversy over the mantle plume's existence between these two regimes -beneath the Hangay range are still remains as one of the important tasks of investigation in this area.
Zenith Total Delay
The GAMIT software package allows estimate simultaneously with a daily positioning solution atmospheric parameters in the form of zenith total delay (ZTD). GAMIT parameterizes ZTD as a stochastic variation from the Saastamoinen model, with piecewise linear interpolation over the span of the observation [17] . We estimate a ZTD every 2 hours and horizontal tropospheric gradients in NS and EW directions. The troposphere is modeled using empirical GMF mapping function and GPT (Global Pressure and Temperature) model [28] for a priori information for surface pressure and temperature. The highest altitude ULAB station exhibits the lowest ZTD value, while the lowest altitude CHOB station exhibits the highest ZTD value. All stations reveal the maximum value at summer time, namely in July and the minimum value in winter time, January and February, which is in agreement with the yearly precipitation trend in Mongolia [29] . The quality of the estimated ZTD is examined by comparing ZTD at IGS station ULAB. The difference between our and IGS computed ZTD values was in the range of ±15 mm [30] . Such difference is attributed usually to the different network configuration and processing strategy [31] . Further, in order to apply ZTD data for climatology and meteorology studies, the ZTD is decomposed into the Zenith Hydrostatic Delay (ZHD) and the Zenith Wet Delay (ZWD) [32] . The ZHD computed using the surface pressure, temperature and humidity data and subtracted from the ZTD will leave ZWD, which is roughly proportional to the precipitable water vapor (PWV) [32] . Except the IGS station ULAB, two stations CHOB and SSND, can supply by the in situ meteorological data from the nearby operating automatic weather stations. Figure 7 compares the GPS derived PWV with the meteorological parameters of the automatic weather station that operates in 50 km from the CHOB GPS. In spite of the short period of observation, one can note the basic trend of correlation between the PWV and the relative humidity.
To obtain better evaluation of the GPS PWV, it would be necessary to compare it with e.g., the radiosonde derived PWV. Currently, radiosonde measurements are carried out in four locations of Mongolia, two of which are in the vicinity of Ulaanbaatar and Dalanzadgad cities.
Ionosphere TEC
The main ionospheric parameter derived from GNSS is the total electron content (TEC) expressed in TEC units (1TECU= 10 16 el/m 2 ). Estimation of TEC and TEC perturbations can be used to detect ionospheric disturbances caused by the solar flare or earthquake and volcano eruptions. TEC can be calculated both from code pseudorange and phase measurements. However, TEC from code pseudorange measurements is much noisy, but unambiguous, while TEC from carrier phase, in spite of the ambiguity, is less noisy [33] . By linear combination of both the code pseudorange and the phase measurements for the same satellite pass, the accuracy of TEC can be improved [34] . The final value of TEC is obtained after accounting the receiver and satellite hardware delays and projecting the slant TEC into the vertical TEC at the ionosphere height (350 km) using zenith angles of satellites as shown elsewhere [35, 36] . As an example of diurnal and monthly TEC variations at mid-latitude region, we retrieved TEC over three stations for the year 2012 and 2013 from all satellite passes with elevation angles >40°. The results of TEC diurnal variation are shown in The monthly variation in TEC for the year 2013 is shown in Fig. 9 with the daily averaged TEC time series. TEC general trend exhibits a greater value in March, April (spring), October and November (autumn) than those in other months. This is consistent with other research [36] that shows that the maximum TEC appears in equinox months in most regions, and minimum -in solstice months.
Sample TEC file in the GTEX format we archive in the DC is shown in Fig. 10 . 
Concluding remarks and Future work
We described here the procedures routinely used to quality-check, store and analyze data from the continuous GPS stations of the MGNET. The performance of three nonreal-time GPS stations is evaluated based on the statistics of the percentage of observations, the mean of multipath effects on L1 and L2, and the number of cycle slips. It reveals that among the three stations the HOVD station is most affected by RMS MP2 multipath. It is shown that the source of this behavior comes from the low-angleelevation multipath effect. Otherwise, all three non-realtime GPS stations of the MGNET collect good quality data without indication of any anomalous behavior. Presently, the main use of the MGNET data is for crustal deformation applications. There is no vision to extend the MGNET network physically because it will depend on funding. Rather, we aim to expand our archive through the growing number of GNSS permanent stations in Mongolia supported by other organizations. This will improve the quality of deformation monitoring; extend the GNSS application, for instance, for the development of the lower and upper atmosphere research in Mongolia, which require near-real time capability in order to benefit to the terrestrial and space weather nowcasting and forecasting.
